ABSTRACT This paper presents a switching fault-tolerant control (SFTC) strategy for a doubly-fed induction generator-based wind turbine (DFIG-WT) subject to rotor and stator current sensor faults. A novel stator-current-loop vector control scheme is proposed for the regulation of DFIG-WT without involving rotor currents, and it is compared with the conventional rotor-current-loop vector control scheme on closed-loop stability, tracking performance, and robustness against model uncertainties and external disturbances through theoretical analysis. The SFTC strategy switches between the rotor and stator current vector controllers via a switching logic based on Kalman filter-based fault detection and isolation (FDI) scheme. The proposed SFTC strategy is able to provide superb transient and steady-state performance, strong robustness to parameter uncertainties, and high fault-tolerance capability under rotor and stator current sensor faults. Simulation studies verify the control performance of the SFTC strategy.
Parameters and Variables

I. INTRODUCTION
Wind energy is one of the most promising renewable energy sources, which has attracted enormous attentions over past decades due to energy crisis and environment pollution [1] - [3] . Doubly-fed induction generator-based wind turbines (DFIG-WTs) have been widely used in wind energy conversion systems, and conventional rotor-currentloop vector control (RVC) scheme [4] - [9] is applied for the control of DFIG-WTs. In addition to the vector control, nonlinear control methods, such as feedback linearization control [10] , [11] , model predictive control [12] , [13] , sliding-mode control [14] , [15] , and neural network control [16] , [17] , have been presented for the induction machine of DFIG-WT system. Nevertheless, these nonlinear control schemes have complex configuration and large computation burden. Besides, the stability analysis and robust design are limited, and the parameter selection is difficult. Owing to the merits of simple structure, small computation, comprehensive theoretical analysis, and easy tuning of controller parameters, the proportional-integral (PI) regulator-based vector control scheme becomes the dominated control algorithm for commercial DFIG-WT. In the RVC scheme, the maximum power point tracking (MPPT) and reactive power control are realized by decoupling control of rotor current loops. Due to the harsh environment of wind farm, the DFIG-WT is prone to malfunction. Electrical, mechanical, and sensor faults are three kinds of most commonly observed faults in a DFIG-WT system [18] . These faults will deteriorate the performance of DFIG-WT and their influence may result in the unscheduled shutdown of the system. Hence, fault-tolerant control (FTC) is required to improve the reliability and safety of DFIG-WT system. Under the condition of electrical faults, novel back-to-back converters were investigated to ensure the non-stop operation of DFIG-WT subject to open-circuit and short-circuit failures [19] - [21] and grid faults [22] - [24] . These new topologies employ additional power electronic devices to achieve hardware redundancy, which increases system cost and complexity. Significant amount of publications have presented fault diagnosis scheme to detect and isolate the faults happen in the mechanical components of wind turbine, such as blade [25] , gearbox [26] , bearing [27] , to protect the wind turbine from further damage. Sensor fault is another major source of failure in the DFIG-WT system, and its effect may lead to the complete shutdown of the system. The DFIG-WT is vulnerable to sensor faults since the performance of control system highly relies on the feedback signals measured by sensors.
Fault detection and isolation (FDI) plays an important role in the FTC strategy. Kalman filter [28] , unknown input observer [29] , Gibbs sampling and Bayesian networks [30] , and support vector machine [31] have been adopted for FDI of wind turbine in a benchmark system. The problems of FTC in the benchmark wind turbine have been addressed by using various observers, including extended state observer [32] , sliding-mode observer [33] , and interval observer [34] . Takagi-Sugeno fuzzy modeling and identification methods [35] - [38] were employed to deal with the model uncertainties and nonlinearities of wind turbine in the design of FTC strategy. More recent related works can be found in [39] , [40] . Pitch angle and rotational speed sensor faults of wind turbine were taken into account in [28] - [38] . Nevertheless, the dynamics of DFIG are neglected, and the failures of current sensors used in the control system of power converters are not included.
Recent literatures have proposed various observer-based fault-tolerant control (OFTC) methods for the DFIG-WT with current sensor faults. In [41] , [42] , Luenberger observers were designed for fault diagnosis and control system reconfiguration of the DFIG-WT system in case of rotor and stator current sensor faults. However, fixed threshold values are adopted in the sensor fault detection and isolation, and the authors only consider the condition that DFIG-WT operates at a constant speed. Therefore, reference [43] presented an adaptive fault diagnosis scheme to improve the sensor fault diagnosis accuracy, and the variable-speed operation of DFIG-WT was addressed in [44] . Besides, PI observer was applied to reduce the estimation errors of Luenberger observer and improve the performance of FTC [45] . The measurement noises are ignored in the observer design in [41] - [45] , which degrades the estimation accuracy of observer and affects the control performance of FTC strategy. Hence, Kalman filter-like observer was adopted for the improved design of fault-tolerant controller for DFIG-WT with current sensor faults [46] , [47] . Residuals were generated by rotor and stator current Kalman filters to detect the sensor faults, and the faulty signals were replaced by the current estimations of Kalman filters for controller reconfiguration to realize the continuous operation of DFIG-WT system.
All the above OFTC methods [41] - [47] adopt linear current observers for nonlinear dynamics of DFIG-WT, thus the closed-loop stability cannot be guaranteed. Besides, the OFTC method requires precise model of DFIG-WT and it is sensitive to parameter variations and model uncertainties [48] , [49] . Moreover, the transient response of DFIG-WT controlled via OFTC depend on the appropriate design of state observer, and the coefficients of observer must be carefully tuned to ensure system stability under sensor fault condition. This drawback degrades the transient performance of OFTC and affects the stable operation of DFIG-WT.
In fact, the OFTC strategy can be viewed as a switching controller which switches between measured signals obtained from sensors and replacement signals provided by observers. Inspired by this, a switching fault-tolerant control (SFTC) strategy is proposed to overcome the deficiency of OFTC and ensure the continuous operation of DFIG-WT with rotor and stator current sensor faults. A novel stator-current-loop vector control (SVC) scheme is firstly presented. The proposed SVC substitutes stator current controllers for the rotor current controllers of conventional RVC, and the MPPT and reactive power control are achieved through the decoupled control of stator current loops. Combining the advantages of RVC and SVC, the SFTC strategy is then presented. The SFTC strategy switches from RVC to SVC under rotor current sensor faults and switches from SVC to RVC under stator current sensor faults. Simulation studies are undertaken on a grid-connected DFIG-based wind energy conversion system to demonstrate the feasibility and effectiveness of SFTC strategy. This paper is organized as follows. Section II illustrates the mathematical model of a DFIG-WT, and Section III gives the design of SVC scheme. The proposed SFTC strategy is described in Section IV. Simulation results are given in Section V. Conclusions are drawn in Section VI and appendices follow thereafter.
II. MODELING OF DFIG-WT A. WIND TURBINE MODEL
The mechanical power P m that a wind turbine captures from wind is given by [50] , [51] 
where ρ is the air density, R w is the blade length, C p (λ w , β) is the power conversion coefficient which is a function of tip speed ratio λ w and blade pitch angle β, v w is the wind speed. The tip speed ratio is defined as
where ω t is the rotational speed of wind turbine. The aerodynamics of wind turbine is characterized by C p (λ w , β) curve, which can be represented as [52] 
where the coefficients α ij are given in [52] . For a certain wind speed, the wind turbine is regulated to rotate at an specific speed to maintain the optimal tip speed ratio λ opt , thereby achieving the maximum power coefficient C pmax . 
where 
The electromagnetic torque T e is given by
C. SHAFT SYSTEM MODEL The shaft system of DFIG-WT is modeled by a single lumped-mass plant, which is expressed by [53] , [54] 
where ω m is the rotational speed of the lumped-mass system and ω m = ω t = ω r , T m is the mechanical torque and T m = P m /ω m , H m is the lumped inertia constant, D m is the damping factor of the lumped system.
III. STATOR-CURRENT-LOOP VECTOR CONTROL FOR DFIG-WT A. CONVENTIONAL ROTOR-CURRENT-LOOP VECTOR CONTROL
The conventional RVC scheme is presented in this subsection.
Under the stator-voltage orientation [6] - [8] , the d-axis of reference frame is aligned with stator voltage v s . Assume the stator voltage and stator flux keep constant, and neglect the stator resistance, equations (4) and (5) become
Based on (11), the following equations are obtained [6] - [8] 
where e rd , e rq and rd , rq are voltage disturbances and model uncertainties of rotor current loops, respectively. Equations (12g) and (12h) imply that the electromagnetic torque T e and reactive power Q s can be controlled through rotor current components i rd and i rq , respectively. According to (12a) and (12b), the rotor current controllers consist of PI controller C r 1 (s) and compensation terms e rd , e rq are designed as
to achieve the decoupled control of rotor current loops, where K r p1 is proportional gain, K r i1 is integral gain, i * rd and i * rq are rotor current references, s is the Laplace operator. From (10) and (12h), the speed controller is designed as
to track the optimal rotor speed ω * r for maximum wind power extraction, where T * e is electromagnetic torque reference, K r p2 and K r i2 are proportional and integral gains, respectively. The voltage controller [8] , [9] , as one method of reactive power control, is designed as (15) to maintain the stator voltage v sd at its reference v * sd , where K r p3 and K r i3 are proportional and integral gains, respectively. Based on the aforementioned analysis, the block diagram of RVC scheme is shown in Fig. 1 with synchronous speed ω s and rotor speed ω r , are utilized to calculate rotor-current-loop voltage disturbances e rd , e rd based on (12d) and (12e). For the inner rotor current control loops, rotor current controllers (13) are adopted for the decoupled control of rotor current components i rd and i rq . For the outer speed and voltage control loops, PI controllers (14) and (15) are employed for the regulation of rotor speed ω r and stator voltage v sd , respectively. The control inputs v rd , v rq are applied to generate switching signals S a , S b , S c to drive the rotor-side converter (RSC) of DFIG-WT. As can be seen, the RVC scheme does not require stator current measurements.
B. PROPOSED STATOR-CURRENT-LOOP VECTOR CONTROL
From (6), the d-axis and q-axis components of rotor currents can be represented as
Substituting (16) into (7) results in
where (16) and (17) into (5), the dynamic equations of stator currents are obtained as
Under the condition of (11), the dynamics (18) can be rewritten as
where R is equivalent resistance, e sd , e sq and sd , sq are voltage disturbances and model uncertainties of stator current loops, respectively. By rearrangement of (8), (9), (11), (16), the active power, reactive power, and electromagnetic torque can be calculated by
It can be seen from (21b) and (21c) that the electromagnetic torque T e and reactive power Q s can be regulated by controlling stator current components i sd and i sq , respectively. Based on (19) , the stator current controllers are designed as
for decoupling control of stator current loops, where K s p1 is proportional gain, K s i1 is integral gain. The stator d-axis current reference i * sd is generated from the following PI-based speed controller
and the stator q-axis current reference i * sq is obtained from the voltage controller
where K s p2 , K s p3 and K s i2 , K s i3 are proportional and integral gains, respectively. Fig. 2 depicts the block diagram of the proposed SVC scheme. Three-phase stator currents i sa , i sb , i sc are measured by current sensors and transformed into d-q components i sd , i sq by using the stator voltage angle θ s . Following the procedures described in Section III-A, the synchronous speed ω s , rotor speed ω r , stator voltage angle θ s , rotor angle ω r , and stator voltage components v sd , v sq are obtained. The stator current components i sd , i sq , together with v sd , v sq , ω s , ω r , are employed to calculate the stator-current-loop voltage disturbances e sd , e sq according to (20b) and (20c). The stator current controllers (22) are adopted for the decoupled control of stator current components i sd and i sq in the inner control loops. PI controllers (23) and (24) are respectively applied for the regulation of rotor speed ω r and stator voltage v sd in the outer control loops. Note that the rotor current measurements are not involved in the SVC scheme. 
C. STABILITY AND ROBUSTNESS ANALYSIS
The block diagrams of RVC and SVC schemes are shown in Fig. 3 (a) and (b) , respectively. The closed-loop transfer functions of current loops of RVC and SVC schemes are given by Fig. 4 (a), (b) , (c), (d), respectively. As seen, the bode diagrams of RVC and SVC schemes are almost the same, which shows the equivalent closedloop stability and tracking performance of RVC and SVC. In Fig. 4 (a) , the gain margin, phase margin, and crossing frequency of wm (s) are low, which refers to strong rejection capability against model uncertainties and disturbances. Moreover, the stator resistance R s , rotor resistance R r , and mutual inductance L m of DFIG are varied with +30%, +30%, and −50% errors, respectively. Fig. 5 shows that parameter variations almost have no effect on the bode diagrams, which implies the strong robustness of RVC and SVC to parameter uncertainties. 
IV. SWITCHING FAULT-TOLERANT CONTROL A. KALMAN FILTER ALGORITHM
Consider a time-varying discrete-time system modeled by
where X k , U k , Z k denote state, control, observation vectors at time step k, respectively. The process noise W k and measurement noise V k are zero-mean Gaussian white noises with covariance matrices R k and Q k , respectively. The Kalman filter [46] is designed for system (28) as (29) whereX k|k−1 ,Ẑ k|k−1 ,X k|k are the state prediction, output prediction, state estimation, respectively. The Kalman gain VOLUME 7, 2019 matrix K k is calculated by (30) where P k|k−1 and P k|k denote predictive and updated covariance matrices, respectively.
B. KALMAN FILTER-BASED FAULT DETECTION AND ISOLATION
Applying Euler difference method with sampling cycle T s for equations (4) and (5) 
Two Kalman filters, rotor and stator current filters, are designed in parallel as From (31)- (33) we see that, the rotor current Kalman filter utilizes stator current measurements via matrix H r , and it is independent from rotor current sensor faults. Meanwhile, the stator current Kalman filter is independent from stator current sensor faults since it employs rotor current measurements through matrix H s . Four residuals r 1 , r 2 , s 1 , s 2 are introduced as
to represent the errors between the measured currents obtained by sensors and the estimated currents derived from current filters, where fdi[·] denotes the residual and counter based FDI logic, which is elaborated as preudo-code in [41] . A sensor fault is detected if both residuals r 1 and s 1 exceed the threshold value. Moreover, the larger value between r 2 and s 2 indicates the corresponding faulty sensor.
C. PROPOSED SWITCHING FAULT-TOLERANT CONTROL STRATEGY
As illustrated in Fig. 1 , the RVC scheme requires rotor current measurements and it is immune to stator current sensor faults. Meanwhile, the SVC scheme utilizes stator current measurements and it shows immunity to rotor current sensor faults, as can be observed from Fig. 2 . Besides, according to the theoretical analysis presented in Section III-C, the RVC-controlled and SVC-controlled DFIG-WT systems are stable and they provide strong rejection capability to model uncertainties and disturbances. With the combination of RVC and SVC, the SFTC strategy is proposed for the FTC of DFIG-WT under the condition of current sensor faults. Both RVC and SVC are installed on the DFIG-WT system, and the two controllers are running in parallel. Additionally, the Kalman filter-based FDI scheme presented in Section IV-B is employed to detect and isolate the current sensor faults. Under normal condition, either RVC or SVC is adopted in the control of DFIG-WT. Under the condition of current sensor faults, the SFTC strategy switches between RVC and SVC based on the Kalman filter-based FDI logic, which is described as follows. The control system of DFIG-WT switches from RVC to SVC if the rotor current sensor fault is detected, and it switches from SVC to RVC on condition that the stator current sensor fault is detected. The block diagram of the SFTC strategy for a DFIG-WT is illustrated in Fig. 6 .
V. SIMULATION RESULTS
Simulation studies of the proposed SFTC strategy are undertaken on a 1.5 MW grid-connected DFIG-WT in MATLAB/ SimPowerSystems [55] , [56] . Fig. 7 depicts the detailed model of the simulated wind energy conversion system with DFIG-WT, and its parameters are given in Appendix. The DFIG-WT is connected to a 120 kV power grid through 25 kV transmission lines and two transformers. Pitch controller is installed to regulate the blade pitch angle. The grid-side converter (GSC) is controlled via grid-voltage-oriented vector controller to keep the DC-link voltage constant, and the RSC is controlled using the SFTC strategy to track the optimal rotor speed and regulate stator voltage. The GSC and RSC are simulated using the blcok ''Universal Bridege'', and the switch devices are chosen as IGBTs and diodes. AC filter is connected to the stator of DFIG-WT to suppress the switching noises generated by converters. The RVC and SVC schemes share the same set of PI parameters, which are tuned in Section III-C and presented in Appendix. The wind speed v w is initially maintained constant at 8 m/s, and the simulation starts in steady state with ω r and v sd initialized at 0.8727 p.u. and 1 p.u., respectively.
A. PERFORMANCE EVALUATION OF SVC
This subsection investigates the performance of the proposed SVC scheme under conditions of step and random wind speeds, parameter variations, and power grid disturbances.
1) MAXIMUM POWER POINT TRACKING AND VOLTAGE REGULATION
Case studies of MPPT and stator voltage control of the DFIG-WT are carried out using RVC and SVC schemes. The wind speed v w steps from 8 m/s to 9 m/s at t = 0.5 s, and the random wind speed is set between t = 2 s and t = 6 s. Besides, the stator voltage reference v * sd keeps at 1 p.u.. The dynamic responses of the DFIG-WT controlled by RVC and SVC are illustrated in Fig. 8 (a) and (b) , respectively.
Firstly, the pitch controller regulates the blade angle at β = 0 • , thus λ opt = 9.9495 and C pmax = 0.5. The responses of rotor speed ω r of DFIG-WT regulated via both the two schemes are able to track the optimal value ω * r under the step and random wind speeds, thus the power coefficient C p quickly reaches to its maximum value C pmax and the MPPT control is achieved. Besides, we see that the rotor speed ω r of SVC-controlled DFIG-WT presents larger peak value and shorter setting time during the step change of wind speed, although the controller parameters of RVC and SVC are the same. Moreover, with the applications of RVC and SVC, the stator voltage v sd maintains at its reference value v * sd , which verifies the regulation capability of stator voltage of the two schemes. Furthermore, the tracking behavior of rotor speed ω r does not affect the response of stator voltage when applying RVC or SVC, which reveals the decoupled control of rotor and stator current loops.
Secondly, the RVC regulates the rotor current components i rd and i rq to their reference values i * rd and i * rq , respectively. In addition, electromagnetic torque T e and active power P s change with d-axis rotor current i rd , and the reactive power Q s varies with q-axis rotor current i rq . In contrast, the SVC regulates the stator current components i sd and i sq to their reference values i * sd and i * sq , respectively. Additionally, the responses of T e , P s and Q s vary with stator current components i sd and i sq , respectively, which demonstrates the validity of stator current controllers. Finally, the transient and steady-state responses of RVC-controlled and SVC-controlled DFIG-WTs are almost the same, which indicates that the proposed SVC scheme achieves identical high control performance with respect to conventional RVC scheme.
2) ROBUSTNESS TO PARAMETER VARIATIONS
The robustness of SVC scheme to parameter uncertainties is evaluated by setting the DFIG's parameters as follows: the stator resistance R s , rotor resistance R r , mutual inductance L m are varied with +30%, +30%, −50% errors, respectively. The wind speed v w and stator voltage reference v * sd are set as the same as in Section V-A.1, and the parameter variations are enabled at t = 0 s. Fig. 9 (a) and (b) show the dynamic responses of DFIG-WT regulated by RVC and SVC, respectively. In respect of the control performance of RVC and SVC, the responses of DFIG-WT regulated with and without parameter variations are almost identical, which means the large parameter variations have insignificant influence on system transient and steady-state performance. As a result, the robustness of SVC as well as RVC to parameter uncertainties are verified.
3) ROBUSTNESS TO EXTERNAL DISTURBANCES
The robustness of RVC and SVC schemes to external disturbance are tested by setting a 0.2-p.u. voltage drop of 120 kV power grid from t = 0.1 s to t = 0.3 s, and the simulation results are given in Fig. 10 . Both the two schemes are capable of maintaining the rotor speed ω r , stator voltage v sd , active power P s , and reactive power Q s on steady state after a short period of fluctuations, which refers to the strong robustness of RVC and SVC against external power grid disturbance.
B. PERFORMANCE EVALUATION OF SFTC
To evaluate the control performance of SFTC strategy, case studies are conducted under current sensor faults and parameter variations. A rotor or stator current sensor fault is set at t = 0.1 s. The wind speed v w steps from 8 m/s to 9 m/s at t = 0.4 s, and the stator voltage reference v * sd stays at 1 p.u.. The OFTC strategy [46] developed using Kalman filter is tested under the same operation conditions for comparison. A fault-tolerance index is introduced to quantitatively evaluate the performance of OFTC and SFTC strategies, which is defined as
where x 1 = ω r , x 2 = P s , x 3 = v sd , x 4 = Q s , the superscript denotes the output signal of DFIG-WT operates under normal condition without any sensor faults.
1) ROTOR CURRENT SENSOR FAULT
In this case, the DFIG-WT is initially controlled using RVC scheme and a rotor current sensor fault of phase 'a' occurs at t = 0.1 s. Fig. 11 (a) compares the responses of DFIG-WT controlled without fault-tolerant control (WFTC), with OFTC, and with SFTC strategy. The rotor current Kalman filter is able to accurately estimate rotor currents i rd , i rq before the sensor fault, and the residuals r 1 , s 1 , r 2 , s 2 are equal to zero. Meanwhile, the control output v rd of RVC is adopted in the control of DFIG-WT, and the control output v rd of SVC keeps constant. After the rotor current sensor fault, the errors between estimated and measured currents result in large values of fault residuals. As seen, both r 1 and s 1 exceed the threshold, and r 2 > s 1 . According to the FDI logic, the rotor current sensor fault is detected and isolated at t = 0.12 s. After FDI, the control system switches from RVC to SVC, and the control output v rd of SVC stabilizes the closed-loop system of DFIG-WT at about t = 0.16 s.
The RVC scheme adopts rotor currents as feedback signals. Therefore, the rotor current sensor fault has great impact on the DFIG-WT system controlled without FTC strategy. It can be seen from Fig. 11 (a) that the dynamics of rotor current components i rd , i rq , rotor speed ω r , active and reactive powers P s , Q s , and stator voltage v sd present large oscillations after the rotor current sensor fault occurs, which will result in grid disconnection and operation failures of the system. Besides, the control system cannot track the changes of wind speed v w , and the tracking behavior of rotor speed ω r affects the response of stator voltage v sd . Although both the OFTC and SFTC strategies can regulate the outputs of DFIG-WT to steady state under rotor current sensor fault, the SFTC behaves faster with less fluctuations during the switching process. In addition, the two strategies are capable of tracking step change of wind speed v w and regulating stator voltage v sd . Nevertheless, the SFTC shows faster tracking speed with smaller tracking errors than OFTC.
The performance of OFTC and SFTC is further evaluated by comparing the fault-tolerance index r ft . As seen from Fig. 11(a) , under the normal operation condition, the tracking error x i − x i of DFIG-WT is almost zero and the VOLUME 7, 2019 fault-tolerance index r ft is equal to 1. The index r ft decreases after the sensor fault happens, and it increases and reaches to 1 with the application of OFTC or SFTC strategy. It is obvious that the response of r ft of SFTC shows less drops with smaller values than OFTC, which indicates the better control performance of SFTC under the rotor current sensor fault. It can be found from the simulation results that the SFTC is able to ensure the continuous operation of DFIG-WT system subject to rotor current sensor fault, and it has better transient performance than OFTC.
2) STATOR CURRENT SENSOR FAULT
The performance of SFTC strategy is then tested under stator current sensor fault by setting the stator current sensor measurement of phase 'a' to zero at t = 0.1 s in the software. The SVC scheme is originally applied in the control of DFIG-WT. The responses of DFIG-WT regulated without FTC, with OFTC, and with SFTC are compared in Fig. 11 (b). The stator current Kalman filter is capable of estimating the stator currents i sd , i sq before the sensor fault, while the estimation errors become large after the sensor fault. According to the fault residuals r 1 , s 1 , r 2 , s 2 and FDI logic, stator current sensor fault is detected and isolated at t = 0.12 s. The SFTC switches from SVC to RVC scheme, and the control output v rd of RVC stabilizes the outputs of DFIG-WT system.
In the SVC scheme, the stator currents are employed as feedback signals. Hence, the responses of i sd , i sq , ω r , P s , Q s of DFIG-WT controlled without FTC present continuous oscillations after the stator current sensor fault occurs, which will stop the normal operation of DFIG-WT system. Moreover, the rotor speed ω r and reactive power Q s of DFIG-WT cannot be regulated under the sensor fault. The outputs of DFIG-WT controlled using OFTC present large fluctuations in the switching process and come to steady state at about t = 0.4 s. Whereas, the responses of DFIG-WT controlled via SFTC smoothly reach to steady state at about t = 0.15 s, which implies better switching performance of SFTC with respect to OFTC. Additionally, less interactions and smaller tracking errors of rotor speed ω r and stator voltage v sd can be observed in the SFTC-controlled DFIG-WT while tracking the step change of wind speed v w , which implies better decoupled control and tracking performance of SFTC compared with OFTC. Moreover, after the sensor fault happens, the fault-tolerance index r ft of SFTC quickly recovers to 1 and it presents shorter recovery time with smaller drops in comparison with OFTC, which demonstrates the enhanced fault tolerance of SFTC. It can be concluded that the SFTC is capable of maintaining the continuous operation of DFIG-WT system subject to stator current sensor fault, and it outperforms OFTC in transient performance.
3) ROBUSTNESS TO PARAMETER VARIATIONS
On the basis of the simulation cases of rotor and stator current sensor faults carried out in Section V-B.1 and Section V-B.2, parameter variations described as in Section V-A.2 are enable at t = 0 s to compare the robustness of OFTC and SFTC strategies to parameter uncertainties. Fig. 12 (a) and (b) depict the responses of DFIG-WT operates under the condition that rotor and stator current sensor faults occur with parameter variations, respectively. The Kalman filter-based FDI scheme can diagnose the rotor and stator current sensor faults under the condition of parameter variations, and the SFTC strategy switches between RVC and SVC according to the FDI results. Comparing Fig. 11 and Fig. 12 , we see that the responses of DFIG-WT regulated with OFTC presents continuous oscillations under the condition of parameter variations, which may result in unscheduled shutdown of the system. It is clear that the parameter variations deteriorate the performance of OFTC. Nevertheless, SFTC is able to regulate the outputs of DFIG-WT to steady state and track the variation of wind speed v w . Moreover, the responses of SFTCcontrolled DFIG-WT operates with and without parameter variations are almost the same. Furthermore, less drops and smaller deviations can be observed from the fault-tolerance index r ft of SFTC than OFTC under rotor and stator current sensor faults. The simulation results indicate that SFTC has stronger robustness to parameter uncertainties and higher fault-tolerance capability against current sensor faults with respect to OFTC.
VI. CONCLUSION
This paper has proposed a SFTC strategy to maintain current sensor fault-tolerant operation of a DFIG-WT system. According to the simulation results, conclusions can be drawn as follows: 1) The novel SVC scheme regulates stator currents to achieve the independent regulation of rotor speed and stator voltage of DFIG-WT, and it has fast tracking speed, fully decoupled control, and high transient and steady-state performance. Besides, SVC shows identical control performance with respect to conventional RVC scheme.
2) The implementation of RVC and SVC schemes do not involve stator and rotor current measurements, respectively, and both the two schemes present strong robustness to model uncertainties and external disturbances. With the combination of advantages of RVC and SVC, the proposed SFTC strategy provides superior transient performance, higher fault-tolerance capability, stronger robustness to parameter uncertainties, and enhanced closed-loop stability than that of OFTC under rotor and stator current sensor faults. 
